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Abstract: The quest for the Standard Model among the huge number of string vacua
is usually based on a set of phenomenological criteria related to the massless spectrum of
string models. In this work we study criteria associated with interactions in the effective
low energy theory and in particular with the presence of the coupling that provides mass to
the top quark. Working in the context of the Free Fermionic Formulation of the heterotic
superstring, we demonstrate that, in a big class of phenomenologically promising Z2 × Z2
compactifications, these criteria can be expressed entirely in terms of the generalised GSO
projection coefficients entering the definition of the models. They are shown to be very
efficient in identifying phenomenologically viable vacua, especially in the framework of
computer-based search, as they are met by approximately one every 104 models. We apply
our results in the investigation of a class of supersymmetric Pati–Salam vacua, comprising
1016 configurations, and show that when combined with other phenomenological require-
ments they lead to a relatively small set of about 107 Standard Model compatible models
that can be fully classified.
1 Introduction
One of the main features of string theory is that it accommodates gauge theory that can
comprise the Standard Model (SM). However, string theory in four dimensions, admits an
enormous number of vacua and in this context the SM appears as just one possibility among
others. Recently, considerable effort has been made to classify these vacua, from the point
of view of low energy phenomenology, in various formulations [1–3]. For this purpose, some
phenomenological criteria are employed, usually related to massless spectrum of the model
(e.g., number of generations, Higgs doublets, SM singlets, exotics). These criteria are often
implemented in a computer programme that can scan large sets of string vacua. However,
criteria associated with interactions in the effective low energy theory, are rarely used since
they entail, model dependent, detailed calculations of string amplitudes. Therefore, it is
worthwhile to study the incorporation of interaction related criteria in the quest for the SM
among the plethora of string vacua. As a minimum requirement we consider an interaction
term associated with the coupling providing mass to, the heaviest fermion, the top quark.
To this end, we demand the presence of a coupling of the form QL uRHu at the (tree-level)
low energy string effective action, where QL is the left/right-handed quark doublet, uR the
right handed up-quark singlet and Hu the electroweak Higgs doublet. This direction is also
motivated by the recent results regarding the discovery of the Higgs scalar particle. In order
to implement this, we are going to work in the framework of the Free Fermionic Formulation
of the heterotic superstring [5] and in particular in a phenomenologically interesting class of
supersymmetric Z2×Z2 vacua, studied in [3], that exhibit SO(10) embeddable (observable)
gauge group symmetry1.
In the framework of Free Fermionic Formulation a string model is defined in terms of
a set of basis vectors, associated with the parallel transformation properties of world-sheet
fermionic degrees of freedom along the two non-contractible loops of the world-sheet torus,
and a set of phases associated with generalised GSO projections (GGSO). Following a phe-
nomenology oriented approach, a new method has been proposed in [3] for systematically
analysing large classes of Z2 × Z2 heterotic superstring vacua. It employs a fixed set of 12
basis vectors {v1, . . . , v12}, symmetric in the internal coordinates, namely
v1 = 1 = {ψ
µ, χ1,...,6, y1,...,6, ω1,...,6|y¯1,...,6, ω¯1,...,6, η¯1,2,3, ψ¯1,...,5, φ¯1,...,8}
v2 = S = {ψ
µ, χ1,...,6}
v2+i = ei = {y
i, ωi|y¯i, ω¯i}, i = 1, . . . , 6
v9 = b1 = {χ
34, χ56, y34, y56|y¯34, y¯56, η¯1, ψ¯1,...,5} (1.1)
v10 = b2 = {χ
12, χ56, y12, y56|y¯12, y¯56, η¯2, ψ¯1,...,5}
v11 = z1 = {φ¯
1,...,4}
v12 = z2 = {φ¯
5,...,8} .
Here ψµ , χI , I = 1, . . . , 6 stand for the fermionic superpartners of the 10-dimensional left-
moving coordinates, yI , ωI/y¯I , ω¯I , I = 1, . . . , 6 correspond to the six internal fermionised
1For calculations of the top-quark mass in the framework of Free Fermionic models see [4].
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left/right coordinates, and ψ¯A, A = 1, . . . , 5, η¯α, α = 1, 2, 3, φ¯k, k = 1, . . . , 8 are the 16
additional complex fermions of the right-moving sector. The presence of vector 1 is required
for consistency, S is necessary for space-time supersymmetry, b1, b2 correspond to the Z2×
Z2 orbifold twists and ei, i = 1 . . . , 6 represent the orbifold shifts. The last two vectors z1, z2
account for possible “hidden sector” gauge group breaking that gives rise to a richer model
structure. The above 12 basis vectors yield string models withG = SO(10)×U(1)3×SO(8)2
gauge symmetry, apart from special points where we have the appearance of gauge group
enhancements. Matter multiplets in the spinorial representation of the (observable) SO(10)
gauge symmetry, appropriate for accommodating the SM fermions, arise from the three
twisted sectors
b1F(p1,q1,r1,s1) = S + b1 + p1 e3 + q1 e4 + r1 e5 + s1 e6 =
=
{
ψµ, x12, w3p1 , w
4
q1 , w
5
r1 , w
6
s1 ; w¯
3
p1 , w¯
4
q1 , w¯
5
r1 , w¯
6
s1 , ψ¯
123, ψ¯45, η¯1
}
(1.2)
b2F(m2,n2,r2,s2) = S + b2 +m2 e1 + n2 e2 + r2 e5 + s2 e6 =
=
{
ψµ, x34, w1m2 , w
2
n2 , w
5
r2 , w
6
s2 ; w¯
1
m2 , w¯
2
n2 , w¯
5
r2 , w¯
6
s2 , ψ¯
123, ψ¯45, η¯2
}
(1.3)
b3F(m3,n3,p3,q3) = S + b1 + b2 + x+m3 e1 + n3 e2 + p3 e3 + q3 e4 =
=
{
ψµ, x56, w1m3 , w
2
n3 , w
3
p3 , w
4
q3 ; w¯
1
m3 , w¯
2
n3 ,w¯
3
p3 , w¯
4
q3 , ψ¯
123, ψ¯45, η¯3
}
(1.4)
where pi, qi, rj , sj ,mk, nk ∈ {0, 1}, i = 1, 3, j = 1, 2, k = 2, 3 and x = 1 + S +
∑6
i=1 ei +∑2
k=1 zk. Here we have introduced the convenient notation w
i
k =
(
yi
ωi
)
k+1
, that is,
wi0 = y
i and wi1 = ω
i and similarly for w¯ik. The above sectors can give rise to 3× 16 = 48
spinorials, 16 from each plane, corresponding to the orbifold fixed points. Matter in the
vectorial representation comes also from the twisted sectors bI F + x, I = 1, 2, 3 as well
as from the untwisted sector. The superparteners of twisted states come from the sectors
S + bI F and S + bI F + x. One or more additional vectors, involving right-moving fields,
can be used to break SO(10) to the SM gauge symmetry or some subgroup of SO(10) that
contains the SM, e.g. SU(4) × SU(2)L × SU(2)R , SU(5) × U(1), but the precise form of
these vectors is not important for our analysis.
As mentioned earlier, the construction of a consistent string model, in this framework,
requires also the introduction of a generalised GSO projection, related to a set of phases,
traditionally denoted by c
[
vi
vj
]
. In the case of periodic-antiperiodic boundary conditions
vectors (1.1), these phases are real and can take values ±1. Moreover, only the ones
with i > j turn out to be independent, so altogether we have 212(12−1)/2 = 266 ∼ 1020
possible configurations. The strategy followed in [3], in order to deal with such large
number of models, was to derive analytic formulae for the main model characteristics in
terms of the GGSO phases c
[
vi
vj
]
, i > j and to classify the models with respect to a set of
phenomenological criteria related to their spectrum.
In this article we study the implementation of string vacuum selection criteria related
to the presence of the top-quark mass coupling at the tree-level superpotential. In the first
section, we compute the relevant string amplitudes and derive the necessary constraints.
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In section two, we apply our results in the classification of Pati–Salam models [6]. In the
last section we present our conclusions.
2 Top mass Yukawa coupling
In the context of a string model generated by basis (1.1), enhanced by one or more extra
vectors that induce SO(10) gauge symmetry breaking to a subgroup G of SO(10), (e.g.
SU(4)× SU(2)L × SU(2)R , SU(5)×U(1)), the candidate top mass Yukawa coupling will
have the form
λt S
QL SuR VHu (2.1)
where S is the “spinorial” and V the “vectorial” representation of G. We use the terms
“spinorial/vectorial” to denote the representations of G ⊂ SO(10) that are accommodated
in the spinorial/vectorial of SO(10) respectively. In the sequel, we will continue using this
terminology omitting the quotes. The superscripts indicate the SM fields entering the top
mass coupling. Since we consider N = 1 supersymmetric models, the coupling (2.1) arises
from a superpotential interaction of the form
λt
∫
d2θΦSΦSΦV (2.2)
where ΦS,V are the associated superfields. In the context of the Free-Fermionic-Formulation
of the heterotic superstring the coupling constant λt is fully calculable and is proportional
to the correlation function of the associated vertex operators of the massless string modes
λt ∼
〈
SF
−1/2 S
F
−1/2, V
B
−1
〉
(2.3)
where the superscript F,B denotes the fermionic or bosonic part respectively and the sub-
script indicates the BRST ghost charge [7]. This correlator factorises into a product of
terms involving: (i) the BRST ghosts; (ii) the spacetime spin; (iii) spacetime momen-
tum; (iv) the bosonised left-moving complex fermions; (v) the real left-right Ising fermions
and (vi) the local gauge group generating fermions. Of particular interest is part (iv) as-
sociated with the fermions of the spacetime supersymmetry generating vector S, that is,{
χ12, χ34, χ56
}
, as it leads to some model independent selection rules for the superpotential
[8]. It can be demonstrated that the only non-vanishing three point correlation functions,
of the type (2.3), are
〈
(R)1(R)2(R)3
〉
,
〈
(R)i(R)i(NS)
〉
i = 1, 2, 3 , 〈(NS)(NS)(NS)〉 (2.4)
where (R) stands for a generic twisted (Ramond) and (NS) for an untwisted (Neveau–
Schwartz) field and the superscript indicates the orbifold plane. In (2.4) we have dropped
the ghost charge subscripts as well as the fermion/boson superscripts of (2.3).
An important property of the string models under consideration is that the quarks
and leptons, which reside in SO(10) spinorials, arise exclusively from the twisted sector,
while SM Higgs fields, residing in the vectorial representation of SO(10), can arise both
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from the twisted and the untwisted sector. Hence, we have to consider only the first two
types of couplings in (2.4). Starting from the coupling of the form
〈
(R)1(R)2(R)3
〉
, we can
assume, without loss of generality, that the first spinorial representation, S1F(p1,q1,r1,s1), of the
candidate top Yukawa coupling in (2.3) arises from the first obifold plane and particularly
from the sector b1F(p1,q1,r1,s1), the second spinorial S
2F
(m2,n2,r2,s2)
from the second plane sector
b2F(m2,n2,r2,s2) and the vectorial representation V
1B
(m3,n3,p3,q3)
coming from the third plane
sector b3B(m3,n3,p3,q3), where the first two are given in (1.2)-(1.3), and
b3B(m3,n3,p3,q3) = b1 + b2 +m3 e1 + n3 e2 + p3 e3 + q3 e4 =
=
{
x12, x34, w1m3 , w
2
n3 , w
3
p3 , w
4
q3 ; w¯
1
m3 , w¯
2
n3 ,w¯
3
p3 , w¯
4
q3 , η¯
1, η¯2
}
(2.5)
Returning to the correlation function (2.3), we examine the Ising part. For a pair of real
fermions
(
f, f¯
)
, Ising correlators can involve the following conformal fields: The left and
right fermions f(z), f¯(z), the combination f(z)f¯(z) (energy operator), the spin σ+ (z, z¯)
(order operator) and its dual σ− (z, z¯) (disorder operator) and of course the identity oper-
ator I. Since the vertex operators of the fields, entering the coupling in question, do not
involve any real fermion oscillators we consider correlators involving σ± fields. According
to [9] we have
〈σ+〉 = 〈σ−〉 = 0 , 〈σ+σ+〉 = 〈σ−σ−〉 = 1 , 〈σ+σ−〉 = 0 (2.6)
These formulae can be generalized to correlators involving two order/disorder operators
associated with some of the 12 pairs of real world-sheet fermions, as follows:〈
σǫ
(
wik
)
σζ
(
wjm
)〉
= δijδkmδǫζ , (2.7)
where σǫ
(
zik
)
denotes the Ising spin field of the i-th pair of real fermions i = 1, . . . 6, of
type k = 0, 1 (k = 0 for yiy¯i and k = 1 for ωiω¯i) and subscript ǫ = +,− (+ for order and
− for disorder operator).
Applying the above results and using (1.2),(1.3) and (2.5), we obtain
λt ∼
〈
S1F(p1,q1,r1,s1) S
2F
(m2,n2,r2,s2)
V 3B(m3,n3,p3,q3)
〉
∼〈
σǫ1
2
(
w1m2
)
σǫ1
3
(
w1m3
)〉〈
σǫ2
2
(
w2n2
)
σǫ2
3
(
w2n3
)〉〈
σǫ3
1
(
w3p1
)
σǫ3
3
(
w3p3
)〉〈
σǫ4
1
(
w4q1
)
σǫ4
3
(
w4q3
)〉
×
〈
σǫ5
1
(
w5r1
)
σǫ5
2
(
w5r2
)〉〈
σǫ6
1
(
w6s1
)
σǫ6
2
(
w6s2
)〉
= δm2,m3δn2,n3δp1,p3δq1,q3δr1,r2δs1,s2 ×
∏
i=1,2
δǫi
2
,ǫi
3
∏
i=3,4
δǫi
1
,ǫi
3
∏
i=5,6
δǫi
1
,ǫi
2
(2.8)
where ǫij refers to fermion pair i of plane j. The first conclusion that can be drawn from
the above result is that the only non-vanishing couplings are of the form〈
S1F(p,q,r,s) S
2F
(m,n,r,s) V
3B
(m,n,p,q)
〉
, p, q, r, s,m, n = 0, 1 , (2.9)
that is, the participating sectors add up to zero
b1F (p,q,r,s) + b
F
2 (m,n,r,s) + b
B
3 (m,n,p,q) = 0 . (2.10)
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Therefore, out of the 212 candidate sector couplings only 26 are non-vanishing, those with
spinorials coming from the sectors S+b1+p e3+q e4+r e5+s e6, S+b2+me1+n e2+r e5+s e6
and the vectorial from the sector b1 + b2 + me1 + n e2 + p e3 + q e4. Since we need only
one such term, to play the role of the top mass coupling, we can redefine our basis vectors
(1.1) to be this specific combination. That is, we set b1 → b
′
1 = b1+ p e3+ q e4+ r e5+ s e6,
b2 → b
′
2 = b2+me1+n e2+r e5+s e6 that consistently yields b
′
1+b
′
2 as the third sector. As
a result, we can assume, without loss of generality, that the spinorials of the top Yukawa
coupling arise from sectors S + b1, S + b2 and the vectorial from b1 + b2.
Another conclusion that can be drawn from (2.8) is that the signs eij have to match.
In other words
ǫi2 = ǫ
i
3, i = 1, 2 , ǫ
i
1 = ǫ
i
3, i = 3, 4 , ǫ
i
1 = ǫ
i
2, i = 5, 6 . (2.11)
However, eij are associated with the GGSO projections of the shift vectors ei, i = 1, . . . , 6
onto the sectors S + b1, S + b2, b1 + b2 as follows:
ǫi1 = δS+b1 c
[
S + b1
ei
]
= c
[
b1
ei
]
, i = 3, 4, 5, 6 (2.12)
ǫj2 = δS+b2 c
[
S + b2
ej
]
= c
[
b2
ej
]
, j = 1, 2, 5, 6 (2.13)
ǫℓ3 = δb1+b2 c
[
b1 + b2
eℓ
]
= c
[
b1
eℓ
]
c
[
b2
eℓ
]
, ℓ = 1, 2, 3, 4 (2.14)
Moreover, in order to preserve the states, entering the coupling in question, from the GGSO
projections we must impose
δS+b1 c
[
S + b1
ei
]
= c
[
b1
ei
]
= +1 , i = 1, 2 (2.15)
δS+b2 c
[
S + b2
ej
]
= c
[
b2
ej
]
= +1 , j = 3, 4 (2.16)
δb1+b2 c
[
b1 + b2
eℓ
]
= c
[
b1
eℓ
]
c
[
b2
eℓ
]
= +1 , ℓ = 5, 6 (2.17)
δS+bk c
[
S + bk
za
]
= c
[
bk
za
]
= +1 , a = 1, 2 , k = 1, 2 (2.18)
δb1+b2 c
[
b1 + b2
za
]
= c
[
b1
za
]
c
[
b2
za
]
= +1 , a = 1, 2 (2.19)
This is required since there is no overlap between ei, zk and ba, that is, ei ∩ S + b1 =
∅, i = 1, 2, ei ∩ S + b2 = ∅, i = 3, 4, ei ∩ S + b1 + b2 = ∅, i = 5, 6 and also za ∩ S + b1 =
za ∩ S + b2 = za ∩ S + b1 + b2 = ∅, a = 1, 2.
Solving Eqs. (2.11) , (2.15)-(2.19) and using (2.12)-(2.14) we obtain a set of necessary
conditions for the existence of the top mass coupling (2.3)
c
[
b1
e1
]
= c
[
b1
e2
]
= c
[
b2
e3
]
= c
[
b2
e4
]
= c
[
b1
z1
]
= c
[
b1
z2
]
= c
[
b2
z1
]
= c
[
b2
z2
]
= +1
c
[
b1
e5
]
c
[
b2
e5
]
= c
[
b1
e6
]
c
[
b2
e6
]
= +1 (2.20)
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Let us consider the group part of the correlator (2.4). By construction it is invariant
under SO(10), however, we need to examine the invariance under the U(1)3 part of the
gauge symmetry G, generated by the right fermionic fields η¯1, η¯2, η¯3. As can be seen from
(1.2),(1.3) and (2.5), S1F carries η¯1 charge, Q1F =
(
q11, 0, 0
)
, S2F carries η¯2 charge,Q2F =(
0, q22 , 0
)
, while V 3B carries both η¯1 and η¯2 charges,Q3B =
(
q31, q
3
2 , 0
)
. These charges can
be expressed entirely in terms of the GGSO phases as follows
q11 = −
1
2
cψc
[
S
S
]
c
[
b2
x
]
c
[
b1
b2
]
(2.21)
q22 = −
1
2
cψc
[
S
S
]
c
[
b2
x
]
c
[
b1
b2
]
(2.22)
q31 =
1
2
cψc
[
S
S
]
c
[
b1
S
]
c
[
b1
b2
]
c
[
b1
b1
]
(2.23)
q32 =
1
2
cψc
[
S
S
]
c
[
b1
S
]
c
[
b1
b2
]
c
[
b2
b2
]
, (2.24)
where the subscript refers to the corresponding η¯ field and cψ = ±1 is the spacetime
chirality of the fermionic component of the associated fields. In the derivation of this result
we have used the GGSO projections of the vectors S + b2, x onto S + b1, the projections
of S + b1, x onto S + b2, and the projections of S + b1, S + b2 onto S + b1 + b2. Gauge
invariance requires
q11 + q
3
1 = 0⇒ c
[
b2
S
]
c
[
b1
b1
]
= c
[
b1
x
]
(2.25)
q22 + q
3
2 = 0⇒ c
[
b2
S
]
c
[
b2
b2
]
= c
[
b2
x
]
(2.26)
Taking into account the properties of the GGSO coefficients and (2.20) we find the addi-
tional constraints ∏
i=3,4,5,6
c
[
b1
ei
]
=
∏
i=1,2,5,6
c
[
b2
ei
]
= 1 (2.27)
Let us now turn to the analysis of the couplings of the form
〈
(R)I(R)I(NS)
〉
, I =
1, 2, 3 involving a Higgs field from the untwisted sector. The general form of the SO(10)
vectorial scalar fields arising from the NS sector is
(
χ2i−1 + i χ2i
)
1/2
|0〉L ⊗ η¯
i
1/2ψ¯
a
1/2 |0〉R +
c.c., i = 1, 2, 3. Without loss of generality we can take I = 1, that is, the two spinorials
arise from S1F(p1,q1,r1,s1) and S
1F ′
(p′1,q′1,r′1,s′1)
, in which case the correlators related with χ1,...,6
require i = 1 [8]. Since there are no Ising fields involved in the Higgs scalar vertex operator,
the related correlator takes the form
λt ∼
〈
S1F(p1,q1,r1,s1)S
1F ′
(p′1,q′1,r′1,s′1)
V BNS
〉
∼
〈
σǫ3
1
(
w3p1
)
σǫ3′
1
(
w3p1
)〉〈
σǫ4
1
(
w4q1
)
σǫ4′
1
(
w4q′
1
)〉〈
σǫ5
1
(
w5r1
)
σǫ5′
1
(
w5r′
1
)〉〈
σǫ6
1
(
w6s1
)
σǫ6′
1
(
w6s′
1
)〉
= δp1,p′1δq1,q′1δr1,r′1δs1,s′1 ×
6∏
i=3
δǫi
1
,ǫi
′
1
(2.28)
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Given the fact that only one spinorial is possible for every combination of p, q, r, s (labelling
each fixed point) we are led to the conclusion that the two spinorial states are actually the
same field S1F(p1,q1,r1,s1) = S
1F ′
(p′1,q′1,r′1,s′1)
. However, no such fermion mass term is allowed in
the context of the SM. Moreover, after examining the subgroups of SO(10) that contain
the SM, we find that a mass term of this form is only allowed by SU(5) × U(1) gauge
symmetry, i.e
(
10, 12
)2
(5,−1), and can provide masses for the down quarks and leptons,
but not for the up quarks. Hence, couplings of the form
〈
(R)I(R)I(NS)
〉
are not relevant
to our analysis.
To summarise, the conditions (2.20),(2.27), guarantee the presence of the top-quark
mass coupling at the tree-level superpotential. Altogether, they fix 12 GGSO coefficients
and reduce the number of acceptable models in this class by a factor of 212 = 4096.
Furthermore, some constraints have also to be imposed on the additional GGSO coefficients
related to the extra basis vector(s) responsible for the breaking of the SO(10) gauge group
factor. For example, in the case of the Pati–Salam models, analysed in the next section,
these constraints fix two additional GGSO phases. Thus, in a realistic model, the number
of necessary constraints is increased by a factor of four.
3 Classification of Pati-Salam heterotic superstring vacua
In this section, we examine the consequences of the top mass coupling selection rule in the
classification of Pati-Salam (PS) heterotic superstring vacua studied in [6]. Our purpose
is to provide a concrete application of results derived in the previous section and also to
examine the effectiveness of the constraints, derived in the previous section, when combined
with other phenomenological requirements.
The Pati-Salam model [10] and its supersymmetric string realisation [11], based on the
gauge symmetry group G = SU(4)×SU(2)L×SU(2)R, are of particular phenomenological
interest. The SM particles, residing in the spinorial (16) of SO(10), are accommodated in
PS group representations as follows:
16 =
{
FL (4,2,1) = Q
(
3,2, 16
)
+ L
(
1,2,−12
)
F¯R (4¯,1,2) = u
c
(
3,1,−23
)
+ dc
(
3¯,1, 13
)
+ ec (1,1, 1) + νc (1,1, 0)
, (3.1)
while Higgs doublets together with extra quark triplets, residing in the vectorial (10) of
SO(10), are assigned to PS group representations as
10 =
{
D (6,1,1) = d
(
3,1,−13
)
+ d¯
(
3,1, 13
)
h (1,2,2) = Hd
(
1,2,−12
)
+Hu
(
1,2, 12
) . (3.2)
The SU(4)× SU(2)L × SU(2)R gauge group breaks to SM one via VEVs of (at least) one
pair of Higgs fields H (4,1,2) + H¯
(
4,1,2
)
. These are accommodated in pairs of SO(10)
spinorials (16+ 16). Quark and lepton masses arise, as in the case of SO(10) model, from
a single superpotential term
FL (4,2,1) F¯R (4¯,1,2) h (1,2,2) = Qu
cHu +QdcHd + LecHd + LνcHu . (3.3)
– 8 –
However, neutrinos stay light through the mixing with additional heavy singlets.
The class of PS string vacua under consideration is generated by the basis (1.1) after
the addition of the vector
v13 = α = {ψ¯
45, φ¯1,2} . (3.4)
In principle, this class comprises 278 models, however, some of the GGSO phases are fixed
from the requirements of N = 1 supersymmetry, conventions and symmetries [6]. Finally,
we are left with 255 ∼ 3.6 × 1016 models2. The vector α breaks the gauge symmetry to
SU(4)×SU(2)L×SU(2)R×U(1)
3×SU(2)4×SO(8), truncates appropriately the matter
spectrum and at the same time gives rise to new particles from the twisted sectors.
The presence of the top mass coupling (3.3) in the tree-level effective action requires,
besides the 12 constraints derived in the previous session, the survival of the SU(4) ×
SU(2)L × SU(2)R fields involved. That is, the GSO projections induced by the extra
basis vector α must preserve (4,2,1) coming from sector S + b1, (4¯,1,2) coming from
S+ b2, and (1,2,2) coming from b1+ b2. When translated in terms of GGSO phases, these
requirements entail
c
[
b1
a
]
= −c
[
b2
a
]
= +1 . (3.5)
This raises the number of constraints among GGSO phases to 14 and hence the number
of phenomenologically acceptable vacua in this class is reduced to 241 ∼ 2.2 × 1012. Thus,
the top mass coupling constraint turns out to be very efficient as it selects one every 214
models.
We will now examine the implementation of the above selection rules when combined
with other criteria in a computer scan of Pati–Salam vacua. In Ref. [6], analytic formulae
have been derived expressing some basic phenomenological features of a models in terms of
the GGSO phases. These include: the number of fermion generations (ng), the number of
PS breaking Higgs pairs(kR), the number of additional vector-like left pairs (kL), the num-
ber of bi-doublets which accommodate the SM Higgs doublets (nh), the number of sextets
containing the extra SM triplets (n6), and the number of fractional charge exotic multi-
plets (ne). In this class of models, exotic matter states, that transform as (1,2,1), (1,1,2),
(4,1,1),(4¯,1,1), can arise from the sectors bI+a(+z1)(+S), b
I+a+x(+z1)(+S), I = 1, 2, 3 .
Nonetheless, a subclass of models has been discovered, referred as exophobic [6], whose
massless spectrum is free of exotic fractionally charged states. These models are interesting,
since light fractional charge exotics are hard to accommodate in the standard cosmological
scenario[12].
Using the analytic formulae of [6], we have calculated the number of PS models
whose massless spectrum satisfy the following phenomenological requirements: (i) com-
plete fermion generations (ii) existence of PS breaking Higgs multiplets (kR ≥ 1) (iii)
existence of SM breaking Higgs doublets (nh ≥ 1) and (iv)absence of fractional charge
2 Extra symmetries of the spectrum have been employed in [6] to fix four additional GGSO phases.
However, when interactions are taken into account these phases lead to different models.
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exotics(ne = 0). The number of acceptable PS models versus the number of generations
is depicted in Fig. 1. The light-gray columns correspond to the number of models before
the application of the top mass coupling constraints and the dark-grey columns correspond
to the number of models after the application of the constraints. The former is estimated
using a scan over a random sample of 1011 models, while the latter is the exact result of
a scan over the full space of models. It is evident that the coupling constraints derived
Figure 1. Number of Pati–Salam models, that meet certain phenomenological criteria (see text),
versus number of generations, before (light-grey) and after (dark-grey) the application of the top
mass coupling constraints
here, reduce the number of acceptable vacua by approximately four orders of magnitude.
Moreover, as they fix certain GGSO phases, they efficiently reduce the scanning region and
allow an exhaustive scan of phenomenologically interesting vacua. It turns out that ap-
proximately 107 vacua meet all phenomenological criteria considered above. Moreover, we
have 106 “minimal models”, in the sense that they do not contain any additional vector-like
fermion generations (kL = 0, kR = 1). The minimal models fall into four categories, i.e.
(nh, n6) ∈ {(1, 3), (3, 1), (3, 5), (5, 3)}. The vacua of each category appear to have identical
spectra. This raises the question: Are all these vacua really different? To answer this
question we must first analyse the hidden sector and classify the models using their full
spectrum. The analysis here was restricted to the observable sector spectrum. Then we
have to compare the models at the level of superpotential couplings. This goes beyond the
scope of this article, however, the above results show that this analysis is feasible, at least
as far as the spectrum is concerned, due to the relatively small number of acceptable vacua.
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In fact, some preliminary calculations show that, even when the hidden sector spectrum
is taken into account, we still have a significant model degeneracy. Another question is
whether any of these models will survive a detailed phenomenological analysis. To answer
this, we note that the model studied in [13], although derived in a different context, actu-
ally belongs to the above class of “minimal models” ((nh, n6) = (1, 3)). This can be easily
verified using the replacements b1 → b
′
1 = b1 + b2 + x+ e2 + e4, b2 → b
′
2 = b1 + e4 + e5. As
shown in [13], this specific model passes successfully some detailed phenomenological tests
including the existence of F and D flatness condition solutions, that render the additional
triplets super-heavy while keeping light the SM Higgs doublets.
Summarising, here we have applied the criteria, developed in the previous section, in
the classification of Pati–Salam heterotic supersymmetric vacua and demonstrated that
they can be easily implemented and combined with other phenomenological constraints.
We have also identified a relatively small class of models that meet all phenomenological
requirements and deserve further investigation.
4 Conclusions
In this article we have studied the implementation of string vacuum selection criteria, re-
lated to the couplings of the effective low energy theory and particularly to the presence
of the top-quark mass coupling, QL uRHu, at tree-level of the superpotential. We have
demonstrated that in a big class of string vacua with gauge group G ⊂ SO(10) the as-
sociated correlation function involves only twisted fields and can be explicitly computed
in terms of the GGSO phases. Therefore, the requirement of existence of the top mass
coupling is translated into a set of constraints on the GGSO phases defining the string
model. We find that only 1 : 104 models in this class satisfy these constraints. Thus these
criteria turn out to be very efficient in selecting amongst string vacua. Moreover, they
can be directly implemented in the framework of computer-aided search and can be easily
combined with other phenomenological constraints.
We explicitly derive these constraints and apply our results in the investigation of a
big class of Pati–Salam vacua, G = SU(4)× SU(2)L × SU(2)R, consisting of 10
16 models.
The contribution of Yukawa coupling selection criteria is critical in this case as it allows,
when combined with other phenomenological requirements, to go beyond statistical sam-
pling utilised so far in the examination of these vacua and to fully derive all consistent
models. An exhaustive scan yields approximately 107 models that satisfy an extensive
set of phenomenological requirements. These vacua will be further analysed in a future
publication.
Our results can also be applied to the study of other classes of Z2 × Z2 vacua in the
framework of the Free Fermionic Formulation, as the recently analysed flipped models,
G = SU(5)×U(1), [14] or models based on other SO(10) subgroups. The analysis can also
be extended to include other fermion couplings starting from the bottom quark coupling.
In the case of Pati–Salam models, considered here, the extension is trivial since both the
top and bottom Yukawa couplings arise from the same superpotenial term. For flipped-
SU(5) models the bottom Yukawa coupling may involve one untwisted Higgs doublet. The
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relevant correlator has been calculated in section 2. It is thus straightforward to include
the bottom coupling in the analysis. Yukawa couplings of the lighter generations, that
potentially arise from higher order nonrenormalisable terms in the effective superpotential
can also be analysed in a similar way but the computation is far more intricate as it requires
the investigation of correlators involving also the singlet states that might develop vacuum
expectation values. Yukawa coupling related criteria can thus be a valuable guide in the
quest for phenomenologically viable models in the immense space of string vacua.
Acknowledgements
This research has been co-financed by the European Union (European Social Fund - ESF)
and Greek national funds through the Operational Program “Education and Lifelong
Learning” of the National Strategic Reference Frame-work (NSRF) - Research Funding
Program: “ARISTEIA”. Investing in the society of knowledge through the European So-
cial Fund. The author would like to thank CERN Theory Division for the hospitality
during the preparation of this work.
References
[1] see eg:
T.P.T. Dijkstra, L. Huiszoon and A.N. Schellekens, Nucl. Phys. B 710(2005) 3;
B.S. Acharya, F. Denef and R. Valadro, JHEP 0506(2005)056;
P. Anastasopoulos, T. P. T. Dijkstra, E. Kiritsis and A. N. Schellekens, Nucl. Phys. B 759
(2006) 83 [arXiv:hep-th/0605226];
R. Blumenhagen, F. Gmeiner, G. Honecker, D. Lust and T. Weigand, Nucl. Phys. B 713
(2005) 83 [arXiv:hep-th/0411173];
O. Lebedev, H. P. Nilles, S. Ramos-Sanchez, M. Ratz and P. K. S. Vaudrevange, Phys. Lett.
B 668 (2008) 331;
E. Kiritsis, M. Lennek and B. Schellekens, Nucl. Phys. B 829 (2010) 298 [arXiv:0909.0271
[hep-th]];
L. B. Anderson, J. Gray, A. Lukas and E. Palti, Phys. Rev. D 84 (2011) 106005
[arXiv:1106.4804 [hep-th]]; JHEP 1206 (2012) 113 [arXiv:1202.1757 [hep-th]];
L. B. Anderson, A. Constantin, J. Gray, A. Lukas and E. Palti, JHEP 1401 (2014) 047
[arXiv:1307.4787 [hep-th]].
A. N. Schellekens, Rev. Mod. Phys. 85 (2013) 1491 [arXiv:1306.5083 [hep-ph]].
[2] D. Senechal, Phys. Rev. D 39 (1989) 3717;
K. R. Dienes, Phys. Rev. D 73 (2006) 106010 [arXiv:hep-th/0602286];
G. Cleaver, A. E. Faraggi, J. Greenwald, D. Moore, K. Pechan, E. Remkus and T. Renner,
Eur. Phys. J. C 71 (2011) 1842 [arXiv:1105.0447 [hep-ph]].
[3] A. E. Faraggi, C. Kounnas, S. E. M. Nooij and J. Rizos, “Towards the classification of
Z2 ×Z2 fermionic models,” [hep-th/031105]; Nucl. Phys. B 695 (2004) 41 [hep-th/0403058];
A. E. Faraggi, C. Kounnas and J. Rizos, Phys. Lett. B 648 (2007) 84 [hep-th/0606144];
Nucl. Phys. B 774 (2007) 208 [hep-th/0611251];
Nucl. Phys. B 799 (2008) 19 [arXiv:0712.0747 [hep-th]];
T. Catelin-Jullien, A. E. Faraggi, C. Kounnas and J. Rizos, Nucl. Phys. B 812 (2009) 103
[arXiv:0807.4084 [hep-th]].
– 12 –
[4] A. E. Faraggi, Phys. Lett. B 377 (1996) 43 [hep-ph/9506388];
G.K. Leontaris, J. Rizos, K. Tamvakis, Phys.Lett. B251 (1990) 83-88.
[5] I. Antoniadis, C. Bachas, and C. Kounnas, Nucl. Phys. B289 (1987) 87;
H. Kawai, D.C. Lewellen, and S.H.-H. Tye, Nucl. Phys. B288 (1987) 1;
I. Antoniadis and C. Bachas, Nucl. Phys. B298 (1988) 586.
[6] B. Assel, K. Christodoulides, A. E. Faraggi, C. Kounnas and J. Rizos, Phys. Lett. B 683
(2010) 306 [arXiv:0910.3697 [hep-th]] ; Nucl. Phys. B 844 (2011) 365 [arXiv:1007.2268
[hep-th]].
[7] S. Kalara, J. L. Lopez and D. V. Nanopoulos, Phys. Lett. B 245 (1990) 421 ; Nucl. Phys. B
353 (1991) 650.
[8] J. Rizos and K. Tamvakis, Phys. Lett. B 262 (1991) 227.
[9] P. Di Francesco, H. Saleur and J. B. Zuber, Nucl. Phys. B 290 (1987) 527.
[10] J. C. Pati and A. Salam, Phys. Rev. D 10 (1974) 275 [Erratum-ibid. D 11 (1975) 703].
[11] I. Antoniadis and G. K. Leontaris, Phys. Lett. B 216 (1989) 333;
I. Antoniadis, G. K. Leontaris and J. Rizos, Phys. Lett. B 245 (1990) 161;
G. K. Leontaris and J. Rizos, Nucl. Phys. B 554 (1999) 3.
[12] P. Langacker and G. Steigman, Phys. Rev. D 84 (2011) 065040 [arXiv:1107.3131 [hep-ph]].
[13] K. Christodoulides, A. E. Faraggi and J. Rizos, Phys. Lett. B 702 (2011) 81
[arXiv:1104.2264 [hep-ph]].
[14] A. Faraggi, J. Rizos and H. Sonmez, “Classification of Flipped SU(5) Heterotic-String
Vacua,” arXiv:1403.4107 [hep-ph].
– 13 –
